Dewatering structures are a common feature used to identify melt-out till and the lack of such structures in till could preclude deposition by melt-out. To assess the conditions under which melt-out till can be deposited without forming dewatering structures, I use geotechnical data and a quasi 2-dimensional model of geothermal melt-out. Critical discharge determined from geotechnical data suggests that low hydraulic conductivity till can transport up to 1.3 m 3 of water yr -1 m -2 without forming dewatering structures, which is two to three orders of magnitude greater than the volume of melt water produced at the base of glaciers. The model indicates that debris content of the ice and the ability of the till to drain govern effective pressure during meltout. If the drainage system is poorly developed or the till comes from debris poor ice, effective pressure is below zero -the condition under which dewatering structures could form. However, till from relatively debris rich ice (>40% debris) with a well developed drainage system (channels every 10 m) can dewater without forming dewatering structures. This suggests that the lack of dewatering structures in till does not necessarily imply deposition by lodgement or deforming bed.
pressure in the till, u (kN m -2 ), in excess of the opposing total pressure, P (kN m -2 ), and the critical hydraulic gradient, i c (unitless), is reached. Effective pressure, Pe (kN m -2 ), is then below zero; P e = P -u .
(the hydraulic gradient is greater than the critical hydraulic gradient), and grains can be transported upward by water, forming dewatering structures (Coduto, 1999) .
To determine the discharge (expulsion) at the critical hydraulic gradient, the critical seepage velocity, Vs (m yr -1 ), is first calculated, which is the maximum velocity that water can move through the sediment without pore water pressure exceeding total pressure;
where k (m yr -1 ) is hydraulic conductivity (Coduto, 1999) . The discharge, Q (m 3 yr -1 ), at the critical seepage velocity is determined over a 1 m 2 area, A (m 2 ); Q = V s * A .
If the discharge at the critical seepage velocity is greater than the volume of water supplied by basal melting from geothermal heat, water drains through the pore spaces and no dewatering structures will form. If the discharge is less than the volume of melt water supplied, effective pressure will be below zero and dewatering structures can form. These calculations of the discharge at the critical hydraulic gradient apply to any gradient direction; however, the hydraulic gradient is assumed to be towards a hydraulic head draw down at the ice-till interface ( Fig. 1 ).
To determine the critical hydraulic gradient, moisture contents, ω (unitless), were converted into saturated unit weights, γ s (kN m -3
), following Coduto (1999) . e=ω* G s / S
where e (unitless) is void ratio, S (unitless) is saturation and Gs (unitless) is the specific gravity of the till.
γ d =Gs*γ w / ( e + 1 )
where γ d (kN m -3 ) is the dry unit weight, γ w (9.81 kN m -3 ) is the unit weight of water and γ s =γ d *(1+ω) .
With a known saturated unit weight, the critical hydraulic gradient is determined, i c =(γ s -γ w )/γ w .
The geotechnical data used in these calculations is from Kewaunee Formation till of eastern Wisconsin, which has a mean constituent make up of 21% sand, 43% silt and 36% clay (Le Roy, 1992; Carlson, 2002) . With its relatively high clay content, this till represents a fine grained end member, making this a conservative calculation of till dewatering. The till contains few clasts and clast size ranges from <0.5 cm to ~10 cm. The Kewaunee till has sharp contacts with the underlying till and gravel, and shows no evidence of gradation, zone of mixing or plowing into the underlying sediment (Carlson, 2002) . Critical discharge was determined from the geotechnical properties of this clayey till measured by Earth Tech, Inc. (Le Roy, 1992) .
Earth Tech, Inc. calculated hydraulic conductivity in the field, using the baildown and slug test methods, and moisture content and grain size in the laboratory. Hydraulic conductivity ranged between 2.9 and 3.8 m yr -1 . Moisture content in samples from below the water table (to insure 100% saturation) varied between 105 and 121 (unitless) (Le Roy, 1992) . The till is assumed to have a specific gravity between 2.65 and 2.70 (unitless) in accord with clay rich materials (Coduto, 1999) .
Critical Discharge Results
The saturated unit weight of the till was determined for known moisture contents and estimated specific gravities (eqn. 4, 5 and 6). The unit weights vary between 13.7 and 14.2 kN m -3 , which result in critical hydraulic gradients between 0.39 and 0.44 (eqn. 7, Table 2 ). The average between the two specific gravities and moisture contents determines a critical hydraulic gradient of approximately 0.42, which produces critical seepage velocities between 12.6 and 16.6 m yr -1 (eqn. 2, Table 3 ). Discharge at the critical seepage velocity over a 1 m 2 area is 1.3 to 1.6 m 3 of water yr -1 m -2 for the lower and upper limit of the hydraulic conductivity (averaged between Gs 2.65 and 2.70) (eqn. 3, Table 3 ). If basal, geothermally melted ice constitutes the only water input into the system, these discharges for the Kewaunee till can be compared to known basal geothermal melt rates to ascertain if dewatering structures might be present.
The assumed specific gravity and possible inaccuracy in hydraulic conductivity introduce an unknown degree of error in these calculations. However, there is little variation in the specific gravity of clay rich materials and the range used here (2.65 to 2.70) covers this variability (Coduto, 1999) . It is harder to assess the error involved with the hydraulic conductivity. The discharge calculated with these hydraulic conductivities is relatively high for clay rich sediment which may reflect non-uniformity in Kewaunee till (e.g. the presence of high permeability layers in the till). A similar series of calculations were made with a three order of magnitude lower hydraulic conductivity to demonstrate the large degree of error that must be involved in the measurement of hydraulic conductivity to negate these calculations (Table 3) .
However, because of these assumptions, these results should be viewed as an order of magnitude value.
Melt-out Model Methods
Because the geotechnical properties of the till reflect the modern field conditions and not the conditions during melt-out, a quasi 2-dimensional basal, debris rich ice melting model was developed to better understand the effects of debris content, drainage, consolidation, time and melt rate on effective pressure, hydraulic gradient, and the mechanism of dewatering. The model uses basic laws of soil mechanics (see Coduto, 1999) and considers a half space (the distance between regularly spaced channels at the ice-till interface and water flow divide) of stagnant, debris-covered ice at the pressure melting point overlying homogeneous saturated till ( Fig. 1) (Boulton, 1970; Lawson, 1979; Shaw, 1979) . Geothermal heat melts the block of ice from the bottom up and this melt water is the only water input into the system. All the melt water enters the till and drains through the pore space of the till, following the hydraulic gradient. The presence of channels creates a hydraulic head draw down at the ice-till interface (Boulton, 1970; Shaw, 1979) forcing an oblique hydraulic gradient towards the channel. The till is initially considered normally consolidated to slightly underconsolidated because ice occupied the pore spaces when thick, active glacial ice overlaid the area. Slightly Pore water pressure (isotropic) in the model results from melt water added to the till flowing due to the hydraulic gradient, i (unitless), and part of the weight of the overlying till and ice. The hydraulic gradient is determined from the change in hydraulic head, dh/dt (m yr -1 ), in the till and the distance over which the hydraulic head is lost -the vertical thickness of till, z (m).
with a constant melt rate dh/dt=0.9*Mr+0.9*Mr(x 2 / 2 ) ( 9 )
where t (yr) is time since the ice block began to melt, c is degree of consolidation (unitless) = (n i -n f )/n f (n i is initial porosity and n f is final porosity, unitless, of the till), Mr (m yr -1 ) is melt rate, and x (m) is the half space of the stagnant ice block (half the distance between channelsthe distance between a channel and flow divide (Fig. 1) ). Equation 8 determines the thickness of the till (first term) adjusted for consolidation (second term, c). The c-c/t term (unitless) is empirical and modifies till thickness for time varying consolidation which exponentially decreases through time (Coduto, 1999) . Equation 9 calculates the vertical contribution of melt water to the change in head (first term) and the integrated addition of melt water across the half space (x) (from the flow divide to the channel) (modified from Fountain, 1994), adding a quasi second dimension to the model. The half space controls the ability of the till to drain because increased distance to a channel increases the hydraulic head. Effective pressure is then calculated by equation 1, with total pressure and pore water pressure determined by:
where γ i (10 kN m -3 ) is the unit weight of debris rich ice, γ s (14 kN m -3 ) is the unit weight of the till from the previous section, and γ w (9.81 kN m -3 ) is the unit weight of water. The first and second terms of equation 11 calculate the weight of ice and sediment supported by the till, respectively. The first term of equation 12 determines the pore water pressure from overlying water and the hydraulic gradient, while the second and third terms calculate the pressure from overlying ice and sediment supported by the pore water, respectively. The empirical 1-c/t term (unitless) partitions total pressure between pore water and sediment. As the model advances, grains consolidate due to the total pressure, the water drains, and the sediment assumes more of the total pressure. The till is allowed to completely consolidate to a final porosity (n f ) of 0.40 which is typical of modern melt-out till (Boulton and Paul, 1976; Ronnert and Mickelson, 1992 ).
The initial porosity (n i ) of the till needs to be determined to calculate the degree of consolidation, which should be equivalent to the debris content of the melting ice (debris content = 1-n) (Ronnert and Mickelson, 1992) . Measurements of the debris content of basal, debris rich ice range between 1 and 74 % debris (e.g. Lawson, 1979; Ronnert and Mickelson, 1992; Kirkbride, 1995) . A range of debris contents is used in the model between 1 and 60 % (initial porosity between 0.99 and 0.40), spanning much of the modern variability. The half space between channel and water flow divide (x) also needs to be ascribed, which is usually between less than 5 m and 180 m (Boulton, 1970; Shaw, 1979; Fountain, 1994; Engelhardt and Kamb, 1997; Fleming and Clark, 2000) . A range in half space is considered from 0.50 to 50 m, which is applicable to melt-out conditions (Boulton, 1970; Shaw, 1979; Carlson, 2002) . Two initial debris rich ice thicknesses are arbitrarily chosen of 5 and 10 m while a range of melt rates is used between 0.005 and 0.01 m yr -1 , which covers most geothermal melt rates (Paterson, 1994) . A third rate is also used of 0.10 m yr -1 to test the sensitivity of the model to rapid melting.
Model Results
Varying melt rate (between 0.10 and 0.005 m yr -1 ) ( Fig. 2 and 3 ), ice thickness (5 to 10 m) (not shown), porosity (0.99 to 0.40) (Fig. 4) , and half space (0.50 to 50 m) (Fig. 5) determined the sensitivity of the model to these inputs (eqn. 1, 8, 9, 10, 11, 12) . Thicker ice increases the time required to melt the ice at a given melt rate, but does not affect the hydraulic gradient and initial hydraulic gradients are the same (a 5 m block of ice is used in the following results). Higher melt rates increase the amount of melt water added to the system increasing the hydraulic gradient and pore water pressure; decreasing the effective pressure. This effect only becomes appreciable at order of magnitude greater melt rates (e.g. 0.10 m yrmoderate to low porosities, hydraulic gradients decrease through the melt period until all ice has melted (Fig. 2) . However, at high initial porosities (e.g. 0.85 n), the model is unstable and the hydraulic gradient increases rapidly. This is due to the large amount of consolidation the till must under go to reach a final porosity of 0.40, which transfers much of the initial overburden to the pore water, increasing the hydraulic gradient. Increasing channel half space also increases the hydraulic gradient (not shown), decreasing effective pressure (Fig. 5) . These tests suggest that porosity and channel half spacing have a greater effect on model predictions than melt rate and ice thickness, because they influence the degree of consolidation and ability of the till to drain.
During a model run, effective pressure (eqn. 1, 11, and 12) initially increases, becomes relatively constant, and then decreases towards the end of a run. This pattern represents initial rapid consolidation; followed by the interplay of sediment addition to the system and ice melting; and the eventual removal of the overlying ice block. At initial porosities greater than 0.60 (debris contents less than 40%), effective pressure is below zero for at least the early part of melt-out ( Fig. 3 and 4) . With a more rapid melt rate (0.10 m yr -1 ), this initial porosity decreases closer to 0.50. Effective pressure is also sensitive to the half space between the channel and water flow divide. Increasing the half space (e.g. from 5 to 10 m) decreases effective pressure, and at large half spaces (e.g. 50 m), even decreasing initial porosity to 0.40 (no consolidation) does not raise effective pressure above zero (Fig. 5) .
From these results, the critical hydraulic gradient through time is determined by setting total pressure equal to pore water pressure and solving for the hydraulic gradient. Critical hydraulic gradients are initially extremely high, but drop during a model run to 0.42 (Fig. 6 ).
This is due to the weight of the overlying ice block which is removed by melt-out, decreasing the critical hydraulic gradient.
The amount of additional water, hw (m yr -1 ), needed per year per half space to reduce effective pressure below zero is calculated by dividing the critical hydraulic gradient by till thickness and subtracting out the melt water input:
The amount of external water needed mimics effective pressure (half space=5 m) and is initially between 0 and 1 m yr -1 (porosity of 0.40 and 0.60, respectively), before increasing and subsequently decreasing during a model run (Fig. 7) . Till from ice with an initial porosity greater than 0.60 does not require additional water to form dewatering structures because effective pressure is already below zero.
These results are dependent on several assumptions necessary to construct the model.
The model assumes that all melt water enters the till and does not account for melt water initially lost to a channel or water film at the ice-till interface. Any loss of water, though, would decrease the amount of water added to the till, decreasing pore water pressure. This would facilitate melt-out till deposition without the formation of dewatering structures and makes the model conservative because it simulates an end member state. Also, the model only includes water added from geothermal melting and not from groundwater or surficial melt water penetrating to the till. The effects of this additional water depend on its amount (Fig. 7) which may or may not be great enough to decrease effective pressure below zero. The heat flux direction is not considered in the model which could shut down the model. However, the model applies an oblique hydraulic gradient which would transport geothermal heat upward and along the ice-till interface, continuing basal melting. The flow of water through the pore spaces would also create frictional heat from water impacting grains, which would increase the amount of basal melting. This additional melt water is disregarded in the model and the amount needed to cause dewatering structures in till from debris rich ice is likely greater than the amount that frictional heating could melt (Fig. 7) . In addition, uniform debris rich ice is used in the model not stratified debris rich ice. However, the model simulates deposition of massive melt-out till while melt-out till from stratified ice would likely show evidence of being deposited by meltout (Lawson, 1979; Haldorsen and Shaw, 1982) . Finally, till is assumed to completely consolidate during melt-out, which may not be the case in field conditions. If melt-out ended while some of the total pressure was still supported by pore water, consolidation would continue until the till had consolidated to accommodate the overburden.
Discussion
Previous studies have calculated melt rates for valley glaciers (Boulton, 1970; Mickelson, 1973; Lawson, 1979 ) and estimated melt rates for ice sheets (Boulton and others, 1993; Paterson, 1994) (Table 4) , which determined melt water production rates two to three orders of magnitude lower than the maximum discharge that can flow through the pore space of Kewaunee till (Table 3) . If only geothermal heat melted basal ice from the bottom up, dewatering structures would not form, because water could flow through the pore space of the till without building up to the critical hydraulic gradient where effective pressure is below zero.
However, if the hydraulic conductivity of the Kewaunee till is in error by three orders of magnitude, dewatering structures could form (Table 3) . Otherwise, to produce dewatering structures, melt rates must be at least two orders of magnitude greater or have outside water added to the till.
The model results suggest that the debris content of the melting ice (initial porosity) and drainage distance (half space) play an important role in the formation of dewatering structures. With a relatively high debris content (at least 40% debris), and closely spaced drainage system (less than 10 m half space) melt-out till can dewater without forming dewatering structures. At lower debris contents, the initial pore space is too large for the till to support the overburden and pore water assumes much of this pressure. This reduces effective pressure below zero and dewatering structures can form. Greater spacing between channels can also reduce effective pressure below zero because increased spacing increases the amount of water added to the till that drains towards a specific channel, decreasing the ability of the till drain. At half spaces near 10 m, this effect can be canceled by increased debris content of the ice. However, at larger half spaces approaching 50 m, the till cannot drain even with high debris contents and dewatering structures will likely form.
Observations of melt-out deposition have found similar controls (debris content and drainage) as the model on dewatering structure formation (Boulton, 1970; Lawson, 1979; Ham and Mickelson, 1994) . Dewatering structures will not form if the melt-out till comes from relatively debris rich ice with a well developed drainage system. However, the lower limit of debris content may be between 20 and 30% debris (Lawson, 1979) , which is 10 to 20% less than what the model predicts. This suggests that the channel spacing in the model may be too great. Smaller channel spacing would be in better agreement with the smaller spacing of remnant channels observed in Pleistocene and modern melt-out till (Boulton, 1970; Shaw, 1979; Carlson, 2002) relative to the spacing under active glaciers and ice streams (Fountain, 1994; Engelhardt and Kamb, 1997) . Including a water film at the ice-till interface in the model would also reduce the amount of water entering the till, rectifying model predictions and observations. This discrepancy suggests that the model predictions are conservative relative to actual melt-out conditions.
When the till comes from relatively debris rich ice and can drain, geothermal heat produces insufficient melt water to form dewatering structures and an additional source of water is needed, which depends on the debris content of the ice and on the channel spacing. At 40% debris content and 5 m half space, no additional water is needed, while greater debris contents and smaller half spaces increases the amount of water needed (Fig. 7) . A faster melt rate (e.g. 0.10 m yr -1 ) could also produce this additional water, but this is an order of magnitude greater than most geothermal melt rates (Table 4 ) and contradicts field observations of debris covered, Table 3 . Calculation of discharge at the critical hydraulic gradient using hydraulic conductivities between 2.9 and 3.8 m yr -1 and specific gravities between 2.65 and 2.70. Note that a calculation is also made using a hydraulic conductivity of 0.0038 m yr -1 , which is three orders of magnitude less than the hydraulic conductivity of Kewaunee till. 
